Abstract-This paper presents an experimental study of flow boiling heat transfer in a microchannel heat sink. The dielectric fluid Fluorinert FC-77 is used as the boiling liquid after it is fully degassed. The experiments were performed at three flow rates ranging from 30-50 ml/min. The heat transfer coefficients, as well as the critical heat flux (CHF), were found to increase with flow rate. Wall temperature measurements at three locations (near the inlet, near the exit, and in the middle of heat sink) reveal that wall dryout first occurs near the exit of the microchannels. The ratio of heat transfer rate under CHF conditions to the limiting evaporation rate was found to decrease with increasing flow rate, asymptotically approaching unity. Predictions from a number of correlations for nucleate boiling heat transfer in the literature are compared against the experimental results to identify those that provide a good match. The results of this work provide guidelines for the thermal design of microchannel heat sinks in two-phase flow.
I. INTRODUCTION
T HE high heat transfer rates achievable with flow boiling in microchannels make it an attractive option for thermal management in high-heat-flux devices. A number of past studies have shown that the boiling heat transfer behavior in microchannels is different from that in conventional (larger-sized) channels. In a study of flow boiling in single channels with hydraulic diameter ranging from 1.39 to 3.39 mm, Kew and Cornwell [1] found that boiling heat transfer in these channels could be better predicted by nucleate boiling correlations; predictions from established flow boiling correlations for larger channels proved to be inadequate. They suggested that when the channel hydraulic diameter is smaller than 2 , a channel size effect on boiling heat transfer becomes evident. Tran et al. [2] studied boiling heat transfer with refrigerant R-12 in circular and rectangular channels of hydraulic diameter 2.46 mm, and found two distinct boiling regimes: a convective boiling-dominant regime at lower wall superheats, and a nucleate boiling-dominant regime at higher wall superheats. The heat transfer rate in the latter was found to be well-predicted by the nucleate boiling correlation of Stephan and Abdelsalam [3] . Mertz et al. [4] investigated flow boiling of water and R141b in multiple channels, each 30-cm long and of hydraulic diameter ranging from 1 to 4.5 mm. The measured heat transfer coefficients for water were found to decrease with increasing heat flux over the range from 20 to 200 kW/m . A recent study of flow boiling of water in a microchannel heat sink [5] showed that heat transfer coefficients were much lower than would be predicted by established correlations for conventional flow boiling; they attributed this difference to the presence of laminar flow with its lower associated heat transfer coefficient compared to turbulent flow, an abrupt transition to slug flow, hydrodynamic instability, and a large number of liquid drops being entrained into the annular flow.
In applications involving microchannel flow boiling, it is important to understand the critical heat flux (CHF). Although CHF has been extensively studied for flow boiling in large channels, as summarized by Hall and Mudawar [6] , CHF data for boiling heat transfer in microchannels are still scarce. A study of CHF for water in tubes of diameters of 0.3 to 2.7 mm was conducted by Vandervort et al. [7] under the following conditions: mass fluxes of 5000 to 40 000 kg/m s, exit subcoolings of 40 to 135 C, length-to-diameter ratios of 2 to 50, and exit pressure of 0.2 to 2.2 MPa. The values for CHF were measured to be in the range of 20 to 80 MW/m , and increased with an increase in mass flux and subcooling, but decreased with increasing channel diameter. CHF was also found to be weakly dependent on exit pressure and tube length-to-diameter ratio. Dissolved air was found to have no effect on CHF. Lazarek and Black [8] measured CHF and critical quality (vapor quality in the tube cross-section where CHF occurs) of R113 in a vertical tube of diameter 3.1 mm, and found that CHF increased with mass flux. They also found that critical quality was reduced at reduced pressure. The following correlation for critical quality accounting for inlet subcooling was proposed:
(1) in which is the enthalpy difference from the saturation state of the liquid at the inlet. The boiling heat transfer coefficient was found to be independent of local vapor quality, which led to the suggestion that nucleate boiling heat transfer dominated the flow boiling contribution. In a study of flow boiling of water in a 2.98 mm diameter horizontal tube of length 0.91 m, Yu et al. [9] found that the CHF occurred at an exit quality in the range from 0.5 to 1.0, and the exit quality decreased with decreasing mass flux, which they claimed was in disagreement with results found in larger tubes [10] . Bowers and Mudawar [11] studied the effects of inlet subcooling (from 10 to 30 K) and flow rate (from 19 to 95 ml/min) on CHF in the flow boiling of R-113 in mini-and microchannel heat sinks. They observed that CHF was independent of subcooling and increased linearly with flow rate.
The present work aims to characterize the flow boiling heat transfer of the dielectric liquid FC-77 in a microchannel heat sink for three flow rates ranging from 30 to 50 ml/min, with CHF identified at each flow rate by monitoring the change in wall temperature with incremental changes in heat flux.
II. EXPERIMENTS

A. Test Loop
The experimental setup and procedures used in this work are similar to those reported in Chen and Garimella [12] . A schematic diagram of the test loop is shown in Fig. 1 . A magnetically coupled gear pump drives the coolant through the loop. Tests were conducted at three flow rates: 30, 40, and 50 ml/min. A precision low-flow-rate flow meter was used to monitor the flow rate, while a dc power supply was used to provide the required heat input to the microchannel heat sink. The temperatures, flow rate, and power supply were monitored with a data acquisition system. A preheater installed upstream of the test section controls the degree of inlet subcooling, which is maintained at 17 0.5 K for this work.
A perfluorinated dielectric fluid, FC-77, from 3M is used as the working fluid in a fully degassed state. This liquid has a boiling point of 97 C at atmospheric pressure and a very large air solubility (41% by volume) under ambient conditions which has a significant effect on boiling heat transfer behavior as established in Chen and Garimella [12] . The major component of the degassing apparatus, as shown in Fig. 2 , is an expandable container which is used as the liquid reservoir to facilitate the degassing process while maintaining the desired system operating conditions (pressure and temperature). The reservoir was tested to be leak-free, and then filled with liquid FC-77. Degassing was performed by repeatedly evacuating the reservoir of air (and FC-77 vapor) from the top using a vacuum pump until the pressure in the reservoir remains at its maximum vacuum level and is unchanged with time. The oxygen content of degassed liquid was measured to be less than 3 ppm, which is equivalent to 0.000215 moles/mole of air content (0.022% by volume). Therefore it is considered a satisfactory level of degassing. As shown in Fig. 1 , the test loop has a second degassing port. This port is used to evacuate air from the test loop prior to charging it with liquid. When the liquid in the test loop and reservoir is degassed, the constraint mechanism on the reservoir is adjusted to allow the bellows to contract such that the pressure in the test section is maintained at atmospheric pressure. Details of the degassing procedure are available in [12] .
B. Microchannel Heat Sink
The test piece is a microchannel heat sink machined from oxygen-free copper. As shown in Fig. 3(a) , the heat sink has dimensions of 25.4 mm 25.4 mm 7 mm. The heat sink contains 10 microchannels, each of width 504 m and depth 2.5 mm (for a hydraulic diameter of 839 m), extending the length of the heat sink. One thermocouple is inserted at each of three locations (TC , TC , TC ) in the lengthwise direction underneath the microchannels along the center of the test section, as shown in Fig. 3(a) . The thermocouples are located at a distance of 3.1 mm below the bottom of microchannels, with TC being 2 mm from the inlet in the flow direction, TC in the middle, and TC 2 mm prior to the exit. A 25 mm square resistance heater, custom-fabricated in-house with serpentine nichrome wire, is attached to the bottom of the copper heat sink to provide heat input to the microchannels. The resistance of the nichrome wire heater is measured to be 16.5 at room temperature. In view of the weak temperature-dependence of resistance for nichrome (0.0004 K), the change in heater resistance for the temperature range encountered in this work was only 0.04 , so that an assumption of temperature-independent resistance was justified.
The copper heat sink is housed in the test section as shown in Fig. 3(b) ; all experiments were conducted with the microchannel heat sink oriented horizontally. The test section consists of a main body, top and bottom covers, and a heat sink support cube. The main body and support cube are made of G-10 fiberglass which has a very low thermal conductivity (0.22 W/m-K) so that the heat sink is well insulated. The heat sink is press-fit into the housing, with any gaps around the heat sink sealed with a high-temperature epoxy of low thermal conductivity ( 0.60 W/m-K). The main body contains inlet and outlet plenums to distribute the flow into the microchannels. Two pressure taps and two thermocouples located in the inlet and outlet manifolds measure the pressure drop and temperature rise across the microchannel test section, respectively. Pressure drop was measured using a differential pressure transducer, which was zero-adjusted prior to use. The heat sink support cube is supported by four springs to eliminate gaps between the heat sink and the top cover. A groove on one side of the support cube allows access for the electrical leads of the nichrome heater and thermocouple wires.
C. Data Analysis
The measured temperatures at the three locations (TC , TC , TC ) underneath the microchannels shown in Fig. 3(a) were first corrected to obtain the three corresponding wall temperatures, as (2) The average wall temperature was calculated by averaging these three wall temperatures. Under the constant heat flux boundary condition imposed on the microchannel heat sink, the log mean temperature difference (LMTD) represents the wall-to-fluid temperature difference (3) During single-phase flow prior to the inception of boiling in the microchannels, the sensible heat gain by the liquid is given by (4) and the difference between the measured input power and the sensible heat gain by the liquid is denoted as the heat loss due to conduction losses through the housing and insulation (5) The heat loss was found to increase linearly with wall temperature, according to (6) in which the constants are applicable only to the test section considered. As would be expected, the variation of wall temperature with input heat flux decreased greatly once boiling was initiated. However, the heat losses in the two-phase regime are still dominated by conduction through the housing and insulation, and can be calculated using (6). The energy gained by the liquid during the boiling process can thus be determined as (7) The heat transfer coefficients for single-and two-phase flow are thus readily calculated, respectively, as
D. Uncertainty Analysis
The uncertainties (at a confidence level of 95%) in the reported measurements are determined as follows. The flow rate has an uncertainty of 1%, mainly arising from the reading accuracy of the flow meter. The uncertainty in temperature 0.5 C) and flow rate measurements lead to an uncertainty in the singlephase heat transfer rate computed using (4) of 7.5 to 40.4% following the approach of Kline and McClintock [13] ; the larger uncertainties occurred at the lower wall temperatures. For two- phase flow, the heat transfer rate obtained by (7) has two sources of uncertainty: input power, , and heat loss, ; the total uncertainty for two-phase heat transfer rate was determined to be in the range of 6.1% to 7.5%. Neglecting the uncertainty in determination of the base area of the heat sink, the uncertainties in heat transfer coefficient are estimated to range from 6.3% to 26.1% for single-phase flow and 4.5% to 6.3% for two-phase flow.
E. Single-Phase Heat Transfer Measurements
Nusselt numbers for single phase heat transfer obtained at the three flow rates are presented in Fig. 4 . Since the flow is laminar at all three flow rates ( 47, 63, 79, respectively), Nusselt numbers remain relatively constant. The spread in the results around the expected value is due to the larger uncertainties in heat loss determination at the lower heat inputs. For single phase laminar flow in a rectangular channel under a constant heat flux boundary condition, the Nusselt number is given by the following equation [14] : (10) and is calculated to be 5.74 for the channel aspect ratio of 0.2 used in this study. This predicted Nusselt number is also included in Fig. 4 , illustrating a reasonable agreement with measured Nusselt numbers for single-phase flow.
III. RESULTS AND DISCUSSION
A. Heat Transfer
As listed in Table I , the heat fluxes and wall temperatures at which bubbles were first observed to appear in microchannels depend on the flow rate; the higher the flow rate, the higher is the heat flux and the wall temperature needed for bubble nucleation. It is noted that the wall temperatures for bubble incipience reported here are obtained for a liquid subcooling of 17 K, and are slightly lower (by 1 to 2 K) compared with the greater subcooling level in the authors' previous work [12] of 54 K.
The change in wall temperature as a function of heat flux is shown in Fig. 5 . Visual observation revealed that bubbles first start to appear in the microchannels at either lateral end of the heat sink and subsequently appear in all microchannels at higher heat fluxes. Since the temperatures in Fig. 5 represent the average over all the microchannels, the transition from single phase to two-phase regimes is observed in the figure when boiling has been initiated in most of the microchannels. Thus, the regime demarcation in Fig. 5 occurs at temperatures and wall heat fluxes which are approximately 3 C and 0.5 W/cm higher, respectively, than the conditions for bubble incipience in the microchannels at the lateral ends of the heat sink (given in Table I ).
After the boiling process is well established in the microchannels, the wall temperature remains relatively constant, and is approximately the same for the three flow rates at low heat fluxes (from 3 to 8 W/cm ). As heat flux is further increased, the wall temperature exhibits a weak dependence on heat flux and deviates somewhat for the different flow rates. This weak dependence of wall temperature on heat flux appears to be due to flow oscillations, the magnitude of which increases with heat flux [12] . The flow oscillations cause vapor bubbles to reside in the channels for a longer period of time, thus reducing the replenishment with colder liquid and the effectiveness of heat transfer. An oscillation in the flow was visually observed in the form of a flow reversal: bubbles were seen to be ejected from the channel inlet into the upstream plenum and were then immediately swept back into the channel. A back-and-forth oscillation of bubbles nucleating from the microchannel wall before detaching from their nucleation sites was also observed.
Also marked on Fig. 5 are the CHF values for the three flow rates (30, 40, and 50 ml/min) identified by monitoring the wall Table II . Prior to CHF, the wall temperature remains constant over time for a given heat flux; just beyond CHF the wall temperature is seen to rise rapidly for any further increases in heat flux as illustrated in Fig. 6 for the flow rate of 50 ml/min. At this point, the power supply is turned off to prevent damage to the test section. Fig. 5 shows that both the magnitude of heat flux and wall temperature at which CHF occurs increase with increasing flow rate. Further discussion on CHF is provided later in this paper.
Readings from the three wall thermocouples TC , TC , TC reveal a considerable increase in temperature along the flow direction at the higher heat fluxes, as shown in Fig. 7 for the flow rate of 30 ml/min. This implies that at high heat fluxes the heat transfer rate near the upstream end of the microchannels is higher than towards the downstream end. As a result, dryout would be initiated near the downstream end. At an input heat flux of 12 W/cm , the fluid temperature in the outlet manifold is measured to be 110 C (Fig. 7) , a value that is significantly higher than the saturation temperature of FC-77 (97 C) at atmospheric pressure, suggesting that dryout has occurred. When wall dryout occurs near the exit of the microchannels, a redistribution of heat in the channel wall is expected, with more heat being concentrated towards the upstream section of the heat sink, as noted in [15] .
Heat transfer coefficients at different wall temperatures for the different flow rates are shown in Fig. 8 . It is seen that at low wall temperatures (105 to 110 C), higher heat transfer coefficients are obtained at the lower flow rate. This trend reverses with the heat transfer coefficient being highest for the highest flow rate as the wall temperature increases and the boiling process in the microchannels becomes well established. The plots include data up until CHF is reached. It is seen that the optimal heat transfer coefficient occurs before CHF is reached; the wall temperature at which this optimal heat transfer coefficient is noted appears to increase somewhat with flow rate. Table III lists selected boiling heat transfer correlations, against which the present results are compared. Conventional correlations for boiling in large channels are not included since they have previously been found not to apply to flow boiling in small channels [1] , [2] , [5] . Predictions from these correlations are included in Fig. 8 . Fig. 8 shows that predictions from the Cooper correlation best match the measured data, while the Rohsenow and Borishansky correlations significantly underpredict the measured heat transfer coefficients. Although the selected correlations are expected to predict nucleate boiling heat transfer in water, Collier and Thome [20] indicated that the Cooper correlation is the most universal in the group as it accounts for the liquid properties and molecular weights.
B. Comparison With Existing Correlations
Since the boiling heat transfer in microchannels appears to be well predicted by nucleate boiling correlations, the two mechanisms have been thought to be somewhat analogous [1] , [21] . However, flow boiling in microchannels is characterized by certain unique characteristics such as flow instability and flow acceleration downstream in the microchannels that are still not well understood. The general applicability of the agreement with the Cooper correlation in Fig. 8 warrants further investigation. Also, as the wall temperature is increased, Fig. 8 shows that larger flow rates give rise to higher heat transfer coefficients. This may be attributed to the increased contribution to the overall heat transfer from convective boiling heat transfer, which depends on flow rate.
C. Critical Heat Flux
The measured CHF at the different flow rates were indicated in Fig. 5 and are given in Table II . The CHF values from the present work are comparable to those obtained by Lazarek and Black [8] (from 10 to 33 W/cm ) in a study of flow boiling heat transfer of R-113 in single microchannels of different lengths (from 12 to 26 cm) for flow rates of 60 to 140 ml/min. The CHF value of over 200 W/cm reported in Bowers and Mudawar [11] for a similar microchannel heat sink (with R-113 as the coolant and flow rates of 15 to 90 ml/min), included the enhancement due to a heat spreader present between the heat source and the microchannel heat sink; the heat source size was used to calculate the reported CHF value in that work. A more reasonable comparison with this result is obtained by comparing the heat transfer rates corresponding to CHF from the two studies, as shown in Fig. 9 .
It is seen in Fig. 9 that the heat transfer rate increases almost linearly with flow rate for both working fluids. It is also noted that the heat transfer rate obtained for R-113 is higher than that for FC-77 is mainly due to the higher latent heat of the former (147 kJ/kg for R-113, 89 kJ/kg for FC-77). The ratio of measured heat transfer rate at CHF to the limiting evaporation rate, , is plotted in Fig. 10 . This ratio is seen to decrease as the flow rate increases, asymptotically approaching unity. This implies that the contribution of convective heat transfer to the CHF (relative to liquid evaporation) becomes less significant as flow rate increases.
Besides the limiting evaporation rate, , other parameters that have been proposed to contribute to the CHF [22] include , , , and ; that is (16) in which , related to the inlet subcooling, was stated to have a negligible effect on CHF [7] , [11] . The density ratio, , represents the density change during liquid evaporation; for smaller , the same quantity of liquid produces a larger volume of vapor, leading to a greater tendency for wall dryout. The Weber number is a ratio of surface tension to [16] , [18] , [19] Fig. 9. Critical power at CHF from present work and from Bowers and Mudawar [11] . inertial force, and the CHF increases with this ratio as suggested in [22] . The CHF should decrease with the length ratio, due to the larger conduction resistance in the wall for heat redistribution for larger . For the same reason, the thermal conductivity of the channel wall should come into play because a smaller wall thermal conductivity would offer a larger thermal resistance for heat redistribution from the exit to the inlet. Therefore, the dimensionless parameter should also be included in (16) , and it is expected that the CHF would increase with this ratio. A preliminary correlation of the form of (16) was provided based on the current results in [23] ; however, for a more generalized CHF correlation, additional data would need to be obtained.
IV. CONCLUSION
An experimental study of flow boiling heat transfer of the dielectric fluid FC-77 in a microchannel heat sink was conducted. Major findings from this work are summarized as follows.
1) As the boiling process becomes well established in the microchannels, a weak dependence of wall temperature on heat flux was measured. 2) Wall temperature measurements reveal that wall dryout first occurs near the exit of the microchannels. 3) The nucleation boiling correlation of Cooper [17] was found to agree very well with the measured heat transfer coefficients in this work. 4) The CHF was found to increase with flow rate. The ratio of heat transfer rate at CHF to the limiting evaporation rate, , decreases with increasing flow rate, and asymptotically approaches unity as flow rate increases. 5) The dimensionless parameters affecting CHF were analyzed, and it is suggested that the wall thermal conductivity be included among the governing parameters.
